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Direct detection of single photons at wavelengths beyond 2 microns under ambient conditions
remains an outstanding technological challenge. One promising solution is frequency upconversion
into the visible (VIS) or near-infrared (NIR) domain, where single photon detectors are readily
available. Here, we propose a nanoscale solution based on a molecular optomechanical platform to
up-convert THz and mid-infrared (MIR) photons into the VIS-NIR domain, and perform a detailed
analysis of its added noise and conversion efficiency with a full quantum model. Our platform consists
in doubly resonant nano-antennas focusing both the incoming long-wavelength radiation, and the
short-wavelength pump laser field, into the same active region. There, infrared active vibrational
modes are resonantly excited and couple through their Raman polarizability to the pump field. This
optomechanical interaction is enhanced by the antenna and leads to the coherent transfer of the
incoming low-frequency signal onto the anti-Stokes sideband of the pump laser. Our calculations
demonstrate that our scheme is realizable with current technology and that optimized platforms can
reach single photon sensitivity, at wavelengths reaching into the THz domain, with an added noise
only limited by the thermal occupancy of the molecular vibration.
I. INTRODUCTION
Many applications in security, material science and
healthcare would benefit from the development of new
technologies for THz detection and thermal imaging [1].
Driven by applications in astronomy, novel cryogenic de-
tectors in the THz range appeared in the last few years
[2, 3]. However the ability to efficiently manipulate such
electromagnetic signals at room temperature is still lack-
ing [4]. In particular, single photon detection, which is
now routine in the VIS-NIR region (wavelength in vac-
uum from 400 nm to 2000 nm), remains impossible or un-
practical at longer wavelengths. Development of new de-
tection devices operating without complex cryogenic ap-
paratus, and featuring improved sensitivity, lower noise
and reduced footprint, would significantly impact sens-
ing, imaging, spectroscopy and communication technolo-
gies.
In this work we propose a new route to achieve low-
noise coherent detection of THz and MIR radiation by
leveraging optomechanical transduction with molecules
[5], whose natural oscillation frequencies are resonant
with the incoming field. Our strategy consists in con-
verting the incoming low-frequency signal onto the anti-
Stokes sideband of a pump laser in the VIS-NIR domain,
where detectors with single photon sensitivity are readily
available [6, 7]. This approach is inspired by the recent
realization of coherent frequency conversion using differ-
ent types of optomechanical cavities [8–13] and is concep-
tually disctinct from a recently demonstrated detection
scheme assisted by a microfabricated resonator [14]. As
an outlook, we propose to leverage constructive interfer-
ence between signals coming from an array of coherently
∗ corresponding authors: tobias.kippenberg@epfl.ch
† chris.galland@epfl.ch
pumped up-converters in order to increase further the
strength of the converted signal over the incoherent ther-
mal noise.
While coherent conversion from the MIR to the VIS-
NIR domain has so far been achieved by sum-frequency
generation in bulk non-linear crystals [15–18], these
schemes operated under several Watts of pump power
and required phase-matching between the different fields
propagating in the crystal. Our scheme, on the contrary,
relies solely on the spatial overlap of the two incoming
fields. Indeed, we use a nanometer-scale dual antenna
that confines both electromagnetic fields into similar sub-
wavelength mode volumes. The optomechanical interac-
tion with the vibrational system takes place in the near
field, without need to fulfill a phase matching condition.
Moreover, thanks to the giant field enhancement pro-
vided by plasmonic nano-gaps, the required pump powers
to achieve efficient conversion is dramatically reduced.
The protocol that we introduce leverages the intrinsic
ability of specific molecular vibrations to interact both
resonantly with MIR-THz fields and parametrically with
VIS-NIR fields, as routinely observed in infrared absorp-
tion and Raman spectroscopy, respectively. The wealth
of accessible vibrational modes and frequencies [19, 20]
offers a convenient toolbox to realize efficient frequency
up-conversion for several technological regions of interest
(atmospheric window, thermal imaging and THz gap).
We first introduce the framework describing the inter-
action between a molecular vibration and two electro-
magnetic fields, one that is resonant with the vibrational
frequency, the other one that is parametrically coupled to
it through the molecular polarization. We compute the
conversion efficiency and the noise figures-of-merit of our
novel device as a function of the optical pump detuning
and power. We find that internal conversion efficiencies
on the order of a few percent and noise equivalent power
below 10−12 W/
√
Hz are achievable with our proposed
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2design, highlighting the potential of this approach for
reaching single-photon THz detection.
II. OPTICAL CONVERSION SCHEME
We start with the description of the two types of inter-
actions leveraged in the conversion process and describe
the relevant parameters. For simplicity, we now use the
abbreviation IR to denote MIR or THz fields, depending
on the vibrational frequency considered. First we model
the resonant absorption process. We assume that the vi-
brational system is weakly driven, meaning that the av-
erage number of excited collective vibrational quanta is
much smaller that the total number of molecular oscilla-
tors coupled to the incoming field. At the single molecule
level this easily satisfied condition results in considering
the single transition from the ground to the first excited
vibrational state. The collective excitation of an ensem-
ble of vibrational modes can thus be treated as an en-
semble of two-level systems [21].
The interaction part of the Hamiltonian is correspond-
ingly approximated by :
Hˆint = −i~g(N)ir
(
aˆ†irσˆ
−
ν + aˆirσˆ
+
ν
)
, (1)
with aˆ†ir, aˆir the IR field bosonic ladder operators and
σˆ+ν , σˆ
−
ν the raising and lowering operators of the collec-
tive two level system described by a transition frequency
ων . g
(N)
ir =
√
Nirgir is the N -molecule resonant coupling
rate of the vibrational mode ν.
The incoming IR field at frequency ωir is enhanced by
a frequency-matched antenna and performs work on the
collective transition dipole ~dν of the molecular vibration
[22]. On resonance (ωir = ων) the averaged number of
created phonons is (see Appendix B for a detailed deriva-
tion)
n¯irb =
(
g
(N)
ir
Γtot
)2
=
(
2g
(N)
ir,0
Γtot
)2
ηir
κir
|〈aˆinir〉|2 (2)
with g
(N)
ir = g
(N)
ir,0
√
n¯ir and n¯ir the mean occupation of
the IR antenna mode and |〈aˆinir〉|2 the incoming IR pho-
ton flux. In this expression κir = κirex +κ
ir
0 is the loss rate
of the antenna at the incoming frequency, which is the
sum of the external decay rate κirex (by coupling to the
incoming far-field modes) and the internal decay rate κir0
(by metallic absorption and scattering to other modes),
ηir = κ
ir
ex/κ
ir the coupling ratio of the antenna and Γtot
the total vibrational decay rate, where the intrinsic vi-
brational linewidth Γν is modified by its coupling to the
IR antenna [23].
As pictured in Fig. 1, we employ a second antenna
resonant at ωc (a frequency in the VIS-NIR domain,
which we call “optical” domain from here on for brevity),
whose decay rates κoptex , κ
opt
0 are defined in the same
𝜔𝜔IR
𝜔𝜔p
𝜔𝜔p + 𝜔𝜔𝜈𝜈
𝜔𝜔p − 𝜔𝜔𝜈𝜈
𝜔𝜔p
(a)
𝜔𝜔IR
𝜔𝜔
𝜔𝜔p 𝜔𝜔𝜈𝜈
𝜔𝜔p 𝜔𝜔𝜈𝜈
𝜔𝜔p
(b)
Figure 1. (a) Illustration of the envisioned up-conversion
device. Both electromagnetic modes are collected with the
help of the dual-antenna and confined within a volume where
molecules are located. (b) Frequency picture of the optome-
chanical conversion mechanism involving both IR absorption
and Raman scattering by specific vibrational modes. Here
the pump tone (ωp) is red-detuned from the optical resonance
(ωc ' ωp +ωir) while the incoming IR signal is resonant with
a specific vibrational mode (ωir = ων).
way as the IR antenna parameters. The optical an-
tenna enhances the parametric optomechanical interac-
tion of the molecular vibration with a pump laser in
the optical domain, as described in [5]. Concisely the
interaction between an optical field and Nopt molecu-
lar oscillators leads to a dispersive interaction described
by the Hamiltonian Hˆint = −~g(N)opt,0aˆ†optaˆopt
(
bˆν + bˆ
†
ν
)
with g
(N)
opt,0 =
√
Noptgopt,0 the collective optomechanical
vacuum coupling rate and aˆ†opt, aˆopt
(
bˆ†ν , bˆν
)
the opti-
cal pump field bosonic ladder operators (the vibrational
phononic operators at frequency ν).
The optical antenna field can be split into an aver-
age coherent amplitude α and a fluctuating term so that
aˆopt = α + δaˆopt. Expanding to first order in α the
optomechanical interaction we obtain the linearized in-
teraction
Hˆlin = −~g(N)opt
(
δaˆ†opt + δaˆopt
)(
bˆν + bˆ
†
ν
)
, (3)
with g
(N)
opt = g
(N)
opt,0
√
n¯opt and n¯opt = |α|2 the mean occu-
pation of the optical antenna mode (see Appendix A).
The outgoing noise spectrum on the optical port in
[photons/(Hz·s)] can be evaluated through the calcula-
tion of the two-time correlations of the optical output
3field operators [24, 25]:
Sout(ω) ∝ κ
opt
ex
2pi
(
ω3
ω3c
)∫ ∞
−∞
dτeiωτ 〈δaˆ†opt(τ)δaˆopt(0)〉,
(4)
where the prefactor in brackets takes into account the
frequency dependence of the radiative coupling rate to
the far-field of a dipolar emitter.
Following previous works in optomechanics [26] and
their extension to molecular optomechanics [27, 28]
we can write an analytical expression of the emitted
noise spectrum at the anti-Stokes sideband Sout(ωaS) ∝
A−n¯f/ (Γ∗ν + Γopt) (at the Stokes sideband S
out(ωS) ∝
A+ (n¯f + 1) / (Γ
∗
ν + Γopt)) with n¯f the mean final
phonon number of the vibrational mode. Due to the IR
and optomechanical interactions the intrinsic vibrational
damping rate is modified Γtot = Γ
∗
ν+Γopt with Γ
∗
ν the IR
antenna-assisted damping rate and Γopt = A
− − A+ the
additional damping rate of electromagnetic origin char-
acterized by the imbalance between the optical antenna-
assisted transition rates to the ground A− and excited
vibrational states A+ (see Appendix A). We note that
the optical interaction modifies the vibrational lifetime
and thus the number of IR excited phonons in the steady
state (eq. 2).
The final phonon number in the vibrational mode, n¯f ,
is given by the expression [24]
n¯f =
Γ∗ν
Γ∗ν + Γopt
n¯b +
A+
Γ∗ν + Γopt
. (5)
where n¯b = n¯
ir
b + n¯th is the total phonon number in the
absence of optical drive. It is the incoherent sum of the
IR-induced vibrational excitation (eq. 2) and the thermal
noise, n¯th = 1/ (exp [~ων/kBTbath]− 1) for a bath tem-
perature Tbath. We assume here that the pump laser does
not lead to significant Ohmic heating of the system. It is
however straight-forward to model laser-induced heating
by introducing a pump-power dependent bath tempera-
ture Tbath.
The resulting noise spectrum, Soutopt , in the absence of
incoming IR radiation (n¯irb = 0) should be integrated over
the device’s operational bandwidth (BW ≡ Γtot) to ob-
tain its dark noise level S˜outopt =
∫
BW
Soutopt dω. The noise
arising from the thermal contribution to the first term
in eq. 5 can be reduced by cooling the bath, whereas
the second term describes a minimal noise level result-
ing from phonon creation by spontaneous Stokes scat-
tering of the pump laser, a process equivalent to quan-
tum backaction in cavity optomechanics. Therefore an
optimal power that maximizes the signal-to-noise ratio
(SNR) exists, akin to the standard quantum limit (SQL)
in position measurements.
From these expressions we are also able to describe the
conversion efficiency from an incoming rate of IR pho-
tons to an outgoing rate of optical photons : S˜outir→opt =
ηext|〈aˆinir〉|2 where ηext = ηrad · ηint · ηir is the external
conversion efficiency. The radiative efficiency of the op-
tical antenna mode into the far field is decomposed as
ηrad = (ω/ωc)
3
ηopt with ηopt = κ
opt
ex /κ
opt defined in the
same way as ηir introduced previously. These factors ac-
count for the coupling of free space radiation in and out
of the nanostructure.
The internal conversion efficiency ηint can in turn be
divided into a power dependent part ηOM(n¯opt) and a
part describing the spatial overlap between the IR near
field, the optical near field and the molecular ensemble,
which we write ηoverlap. To approximate this last term
we factorize it into two contributions: the spatial overlap
between the IR and optical near fields (ηmode) and the
vectorial overlap between the near field polarization (typ-
ically normal to the antenna surface) and the molecular
orientation, which we name ηpol; so that we can write
ηint ' ηpol · ηmode · ηOM(n¯opt). (6)
The power and detuning dependences of the optomechan-
ical efficiency term ηOM are depicted in Fig. 3 (b) and
its exact calculation is given in Appendix A.
III. MOLECULAR TRANSDUCER
The electric moment ~µν and polarizability αν of a
mode can be directly extracted from experimental data
of resonant light absorption and inelastic light scatter-
ing, respectively [19, 20]. In specific cases the symme-
tries of the vibrational mode lead to selection rules in its
interaction with light [29]. For vibrational modes lack-
ing centro-symmetry the derivatives of both quantities
can be non-vanishing [29]. We show such a situation in
Fig. 2 where we plot the projections of the derivatives
of the electric moment and of the polarizability with re-
spect to the molecular coordinate Qν of the 1002 cm
−1
mode of thiophenol, which we choose as an example in
our calculations. We note that the projection of the ten-
sor
(
∂αν
∂Qν
)
onto an axis perpendicular to the principal
axis of the electronic moment derivative
(
∂~µν
∂Qν
)
can be
non-vanishing. Several polarizations for in- and outcou-
pling of resonant and up-converted fields are thus con-
ceivable.
The calculations leading to the parametric optome-
chanical vacuum coupling rate gopt,0 between the an-
tenna field and the vibrational mode has been previ-
ously described [5] and its value is given by gopt,0 =
ωc
(
~eopt · ∂αν∂Qν · ~eopt
)(
1
Voptε0
)√
~
2ων
with αν the polar-
izability tensor, Qν the reduced displacement coordinate
of the vibrational mode labeled by ν, Vopt the optical
mode volume and ~eopt the unit polarization vector of the
optical antenna mode.
In analogy the coupling rate gir,0 associated with a
vibrational mode ν is linked to an effective transition
dipole vector ~dν that can be computed through numer-
ical calculations (cf. Appendix C). Its value is given by
gir,0 =
1
~
~dν · ~E0 where the electric field per photon is
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Figure 2. (a) Polar plots of both the electric moment deriva-
tive (left) and the projection of the Raman tensor on the
main plane of the molecule (right) for the vibrational mode
ν˜ = 1002 cm−1 of the thiophenol molecule (background im-
age). (b) Local density of states distribution inside the dual
antenna for an IR mode at 32 THz (left) and a NIR mode at
374 THz (right).
given by ~E0 =
√
~ων
2ε0Vir
~eir with Vir the mode volume and
~eir the unit polarization vector of the IR mode [25, 30].
Since g
(N)
ir scales with
√
n¯irNir/Vir, it can be inde-
pendent of the mode volume as long as this volume is
filled with molecules. On the contrary the interaction
of the vibration with the VIS-NIR optical field scales
as
√
n¯optNopt/Vopt advocating for a device confining
strongly this field and reducing thus the required opti-
cal power to reach an efficient conversion process.
IV. DUAL PLASMONIC ANTENNA
Nanoantennas have proven to be instrumental in en-
hancing the interaction of molecules with off-resonant
VIS-NIR optical fields (e.g. for surface-enhanced Raman
scattering, SERS) [31, 32] and resonant IR fields (e.g. for
surface-enhanced infrared absorption, SEIRA) [33, 34].
We now present the design of a new dual-resonant an-
tenna (see Figs. 1 and 2) and compute the interaction
of both antenna local fields with one vibrational mode
of molecules covering the nanostructure. We consider
that molecules are attached with their main axis per-
pendicular to the metallic surfaces, and extract from our
DFT calculations the relevant components of the deriva-
tives of the electronic moment and polarizability. We
note that calculations for specific self-assembled mono-
layer orientations [35, 36] or randomly oriented molecules
could also be achieved from the full knowledge of
(
∂αν
∂Qν
)
and
(
∂~µν
∂Qν
)
.
In our design, the incoming field to be up-converted
and the pump laser field are each resonant with a dif-
ferent component of the antenna arranged in a crossed
configuration. At their intersection, the near-field polar-
izations of the two fields are co-linear (~eir ' ~eopt), and
we obtain ηpol = 33 % for the specific vibrational mode
illustrated in Fig. 2. Electromagnetic simulations demon-
strate that the two fields, despite being more than one
order of magnitude away in frequency in that particular
example, are confined within a very similar volume inside
the nano-gaps separating the two structures. It results
in a spatial overlap of the two main electromagnetic field
components within the dual antenna of ηmode = 44 % (cf.
Appendix D for additional information on the design and
parameter values).
From our numerical calculations we find that the
antenna-assisted IR coupling rate reaches g
(N)
ir,0 /(2pi) ∼
186 GHz as Vir is decreased by several orders of mag-
nitude below its diffraction limit (the calculation of Vir
and ~dν are detailed in the Appendix). As the cavity
damping rate remains strong in comparison to the vac-
uum IR coupling rate (2g
(N)
ir,0 < κ
ir/2 - Purcell regime)
the antenna enhanced damping rate for this vibrational
mode can be approximated by the expression [30] :
Γ∗ν ' Γν + κir/2
(
1 +
√
1− (2g(N)ir,0 )2/(κir/2)2
)
. We no-
tice that the dramatic enhancement of the vibrational
radiative damping rate (Γ∗ν ' 1.7Γν) achieved with our
design may enable efficient generation of IR radiation
under optical parametric amplification of the vibrational
mode.
V. OPTICAL NOISE CONTRIBUTIONS
The conversion efficiency does not give a complete
characterization of the device; we also need to com-
pute the noise added in the up-conversion process on
the anti-Stokes signal at ωaS = ωp + ωir. This noise
power (in photon per unit time) is given by [37] nadded =
〈aˆinir〉|2/SNR(ωaS), with the optical signal-to-noise ratio
defined as SNR(ω) = S˜outir→opt(ω)/S˜
out
opt(ω). The results of
this calculation for the anti-Stokes sideband are shown
in Fig. 3.
When operating with a pump laser red-detuned from
the optical resonance (∆ = ωp − ωc = −ων) in the re-
solved sideband regime κopt/2 < ων we can simplify the
interaction of eq. 3 and obtain
Hˆeff = −~g(N)opt
(
δaˆ†optbˆν + h. c.
)
, (7)
In this regime the coherent up-conversion mechanism is
clearly evidenced and reaches maximal efficiency while
5Detector type NEP O(...) [W ·Hz−1/2]
Golay Cell O
(
10−(9..10)
)
Piezoelectric O
(
10−9
)
Microbolometer O
(
10−(10..11)
)
Molecular device O
(
10−(11..12)
)
Table I. Noise equivalent power of commercially available un-
cooled devices[4] and comparison with the device presented
in this manuscript (Molecular device).
keeping a low added noise level. We note that for low
vibrational frequency modes the condition κopt/2 < ων
could be achieved with the help of hybrid cavities that
feature narrower linewidths [38, 39].
Alternatively we can describe our up-converter as a
detector that reaches a unity signal-to-noise ratio for
an incoming power Pmin,inir . Then the performance of
our device can be evaluated through its noise equivalent
power (NEP) : NEP = Pmin,inir /
√
BW [W · Hz−1/2], a
commonly used figure of merit to compare detection de-
vices independently of their respective operational band-
width. The NEP achievable with our detection scheme
depends on the optical pump power as shown in Fig. 3,
and reaches values that compare favorably with other
uncooled technologies for IR detection (Table I).
VI. BUILDING BLOCK OF AN IR DETECTOR
ARRAY
The different contributions to the optical noise (cf.
eq. (5)) arise from different physical mechanisms. In
the weak optical drive limit the noise originates almost
entirely from the residual thermal population of the vi-
brational mode. If we consider an array of molecular
converters that are uncoupled in the near-field, their re-
spective outgoing anti-Stokes fields of thermal origin will
not have any phase coherence with each other, even if
pumped by the same laser field. On the contrary, if all
devices are illuminated by the same incoming IR field and
pumped by the same optical field, all the sum-frequency
anti-Stokes signals will be phase coherent and will inter-
fere constructively in specific directions, in analogy with
a phased emitter array [40, 41]. With a sufficiently large
array and a distance between single elements smaller than
the involved wavelengths, only a single direction in the
far field exhibits constructive interference. The major
advantage of this approach is to increase the SNR lin-
early with the number of devices, as demonstrated in
Appendix E for a linear array.
A configuration with multiple converters within the
IR spot could alternatively lead to on-chip IR multiplex-
ing [42–45] with converters responding to multiple IR
(a)
(b)
Figure 3. (a) Color plot of the added noise nadded on the
anti-Stokes sideband as a function of detuning ∆ = ωp − ωc
and intracavity optical photon number n¯opt. The horizontal
lines indicate the different detunings considered in panel (b).
(b) Left axis (dashed lines): Noise equivalent power of the
molecular platform as a function of intracavity optical pho-
ton number for several detunings on a logarithmic scale. Right
axis (dotted lines): Power dependent part of the internal con-
version efficiency, ηOM(n¯opt). We use the parameters for the
dual-antenna and molecular system described in the text. All
their numerical values can be found in the Appendix.
signals and bypassing the limited detection bandwidth
of a single converter. This sub-wavelength platform
offers novel opportunities benefiting from the coherent
nature of the conversion process and opens the way for
multi-spectral IR detection, IR imaging and recognition
technologies.
VII. CONCLUSION
In summary, we presented a new concept for frequency
up-conversion from the mid-infrared to the visible do-
main based on the interaction of both fields with molec-
ular vibrations coupled to a dual-resonant nano-antenna.
We considered an incoming long-wavelength infrared ra-
6diation that resonantly excites a vibrational mode, which
is simultaneously coupled through its Raman polarizabil-
ity to a coherent pump field at shorter wavelength (visible
or near-infrared), resulting in up-conversion of the IR sig-
nal onto the anti-Stokes sideband of the pump. Thanks
to the recently developed framework of molecular cavity
optomechanics, we were able to treat the problem in a full
quantum model, and thereby predict the internal quan-
tum efficiency of our device, as well as its added noise.
We showed that the latter can be separated in two main
origins: a thermal noise and a backaction noise (includ-
ing quantum and dynamical backaction) that increases
with pump power and eventually becomes dominant. We
analysed the dependence of the noise-equivalent power
(NEP) on the intra-cavity pump photon number and
pump-cavity detuning, and predicted that under the op-
timal condition of red-sideband excitation, the NEP can
be as low as few pW · Hz−1/2, improving on the state of
the art for devices operating at ambient conditions.
We would like to stress that our numerical estimates
are based on a realistic nano-antenna design and a stan-
dard simple molecule (thiophenol). Although the intra-
cavity photon numbers required to reach optimal per-
formance appears to be large, they can be achieved un-
der pulsed excitation [46]. Moreover requirements on the
intra-cavity power would be lowered by further reducing
the gap size (down to 1–2 nm) and by chemical engi-
neering of the molecular converter toward higher Raman
activity. Our study also shows that by moderately in-
creasing the resonant coupling rate between molecular
vibration and IR antenna, the system would enter the IR
strong coupling regime, with the formation of vibrational
polaritons [21]. We leave the study of the conversion pro-
cess in this new regime for future investigation.
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Appendix A: Optomechanical framework
A detailed description of the optomechanical frame-
work can be found elsewhere [5, 26–28]. Here we just
remind the readers of the few definitions and relation-
ships used in the paper.
The average intracavity occupation (both for the IR and
optical modes) can be related to the incoming photon
flux or incoming power by
n¯opt/ir = |〈aˆinopt/ir〉|2
κ
opt/ir
ex
∆2 +
(
κopt/ir/2
)2 = P inopt/ir~ωp/ir κ
opt/ir
ex
∆2 +
(
κopt/ir/2
)2 . (A1)
When considering the molecular vibrational levels
and their parametric coupling to the optical field, the
antenna-assisted transition rate to a lower excited level
is given by
A− = g2opt,0Noptn¯opt
κopt
(ω −∆)2 + (κopt/2)2 . (A2)
The antenna-assisted transition rate to a higher excited
vibrational level is given by
A+ = g2opt,0Noptn¯opt
κopt
(ω + ∆)
2
+ (κopt/2)
2 . (A3)
The interested reader can find the complete derivation of
the outgoing power spectral density in Ref. [24]. In this
manuscript we are interested in the signal arising on the
anti-Stokes sideband. Starting from eq. (4) in the main
text and following the same calculation steps we arrive
at the final expression
Souttot (ωaS) =
2
pi
ω3aS
ω3c
ηoptA
−
Γ∗ν + Γopt
n¯f (A4)
For convenience we label the different components of the
outgoing noise spectrum according to the origin of the
vibrational population from which they result (cf. eq. (5)
in the main text):
Souttot (ωaS) ∝
A−
Γ∗ν + Γopt
n¯th︸ ︷︷ ︸
Soutth
+
A−Γ∗ν
(Γ∗ν + Γopt)
2 ηoverlapn¯
ir
b︸ ︷︷ ︸
Soutir→opt
+
A−
(Γ∗ν + Γopt)
2
[
A+ − Γoptn¯th
]
︸ ︷︷ ︸
Soutba
, (A5)
7With this notation the total noise added in the conver-
sion is Soutopt = S
out
th + S
out
ba .
We can then derive the expression for the conver-
sion efficiency defined as S˜outir→opt = ηext|〈aˆinir〉|2 and
obtain
ηext =
ω3
ω3c
ηopt︸ ︷︷ ︸
ηrad
· ηoverlap · A
−Γ∗ν
Γ∗ν + Γopt
1
κir
(
2g
(N)
ir,0
Γ∗ν + Γopt
)2
︸ ︷︷ ︸
ηint
·ηir.
(A6)
This expression highlights the different factors constitut-
ing eq. (6) of the main text.
For a pump field red-detuned from the optical antenna
resonance (∆ = ωp − ωc = −ων) this expression can
be further developed to evidence the dependence of the
internal conversion efficiency on both collective vacuum
coupling rates
ηint = ηoverlap·
(
2g
(N)
opt,0
)2
n¯opt
κopt (Γ∗ν + Γopt)
Γ∗ν
(Γ∗ν + Γopt)
(
2g
(N)
ir,0
)2
κir (Γ∗ν + Γopt)
.
(A7)
Using this conversion efficiency, we can also calculate the
NEP directly from the dark noise and efficiency of the de-
vice as NEP = ~ωνηext
√
S˜outopt [7]. In Fig. 4 we show both con-
version efficiency and NEP for the case ∆ = −ων . The
NEP calculated from the conversion efficiency gives iden-
tical results to the NEP values as defined and calculated
in the main text. In this red-detuned case our model as-
sumptions remain valid for a large range of optical intra-
cavity photon number. At high optical power we observe
that both the efficiency and NEP reach an extremal value
when the back-action contribution to the outgoing noise
becomes predominant as depicted in Fig. 4.
Appendix B: Absorption of incoming IR radiation
by a vibrational mode
We describe in the following the coupling between a
resonant field and a single vibrational mode inside a cav-
ity (i.e. antenna). We also derive the expression given in
the main text for the number of phonons created. Our
treatment is inspired by the treatment adopted in Ref.
[22].
The interaction between an external monochromatic
field of frequency ωir and the molecular vibration in the
dipole approximation inside a cavity is given by :
Hˆint = −~d · ~Eir, (B1)
where ~Eir = i√n¯ir
[
e−iωirte−i(φ+φ0)t~E0 − eiωirtei(φ+φ0)t~E∗0
]
with φ the phase offset between the field and the dipole,
φ0 an adjustable phase parameter of the driving field.
~E0 =
√
~ωir
2ε0Vir
~ek is the vacuum field, with Vir the mode
(a)
(b)
Figure 4. (a) Relative contributions to optical noise (Soutopt)
outgoing on the anti-Stokes optical sideband as a function
of intracavity optical photon numberfor a pump tone red-
detuned from the resonance of the optical antenna (∆ =
−ων). The contribution from the thermal population of the
vibrational mode to the dark noise is depicted in green and the
back-action noise in blue. (b) Left axis (black): Noise equiv-
alent power (NEP) as a function of intracavity optical photon
number for ∆ = −ων . Right axis (purple): Power dependent
part of the internal conversion efficiency (ηOM, dashed line).
The parameters used in the calculations are the described in
the following sections of the Appendix.
volume and ~ek the unit polarization vector of the IR
mode.
This interaction can be written in terms of the bosonic
ladder operators describing the IR mode inside the cavity
aˆ†ir, aˆir and the vibrational phononic operators bˆ†ν , bˆν at
frequency ν. For a weak IR drive the vibrational Hilbert
space can be reduced to ground and first excited state
{|0〉, |1〉} and described like a two level system (TLS)
with creation and annihilation operators σˆ+ν , σˆ
−
ν [25].
We note that the validity of the TLS description for a
collective vibrational mode of N oscillators would only
break down for a number of excitations of order N [30].
The dipolar transition is purely nondiagonal in this
basis and described as ~d = dν (σˆ
−
ν ~eν + σˆ
+
ν ~e
∗
ν ). The
field inside the cavity is in turn described by ~Eir =
−i√n¯irE0
[
e−iφ0 aˆir~ek − eiφ0 aˆ†ir~e∗k
]
[30]. In a frame rotat-
ing at the frequency of the IR driving field we only have to
take into account the resonant processes (aˆ†irσˆ−ν , aˆirσˆ
+
ν )
8and we obtain the interaction Hamiltonian :
Hˆint = −i~gir
(
e−iφ0 aˆ†irσˆ
−
ν + e
iφ0 aˆirσˆ
+
ν
)
, (B2)
with gir =
dν · E0
~
√
n¯ir~e
∗
ν ~eke
iφ0 =
~dν · ~E0
~
√
n¯ir.
Here we choose the additional phase term of the driving
field in order for the coupling to be real positive, without
loss of generality.
We follow the dynamics of the TLS in this rotating
frame. Introducing the rate Γtot which describes the total
damping of the vibrational mode as described in the main
text, we obtain :
ρ˙11 = i
gir
2
(ρ10 − ρ01)− Γtotρ11 (B3a)
ρ˙00 =− igir
2
(ρ10 − ρ01) + Γtotρ11 (B3b)
ρ˙01 =− iδρ01 − igir
2
(ρ11 − ρ00)− Γtot
2
ρ01 (B3c)
ρ˙10 = iδρ10 + i
gir
2
(ρ11 − ρ00)− Γtot
2
ρ10, (B3d)
with δ = ωir − ων the detuning between the IR drive
and the vibrational resonance.
These equations are often described with the help of the
Bloch vector components:
u =
1
2
(ρ01 + ρ10) (B4a)
v =
1
2i
(ρ01 − ρ10) (B4b)
w =
1
2
(ρ11 − ρ00) . (B4c)
The components u, v of the Bloch vectors are re-
lated to the average dipole value [22]: 〈~d 〉 =
2~dν (u cosωirt− v sinωirt). We derive the master equa-
tions as a function of these components:
u˙ = δv − Γtot
2
u (B5a)
v˙ =− δu− girw − Γtot
2
v (B5b)
w˙ = girv − Γtotw − Γtot
2
. (B5c)
The steady-state solutions of these equations are :
u¯ =
gir
2
δ
δ2 + (Γ2tot/4) + (g
2
ir/2)
(B6a)
v¯ =
gir
2
Γ/2
δ2 + (Γ2tot/4) + (g
2
ir/2)
(B6b)
w¯ +
1
2
=
g2ir
4
1
δ2 + (Γ2tot/4) + (g
2
ir/2)
. (B6c)
The average number of photons absorbed per unit time
by the vibrational dipole is given by :
dn¯irb
dt
=
dW¯ ir
dt
1
~ωir
=
~En cosωirt · 〈 ~˙d 〉
~ωir
. (B7)
If the detuning and coupling are much smaller than the
vibrational damping rate (δ, gir < Γtot), the average
number of absorptions over an IR period can be writ-
ten as :
dn¯irb
dt
= girv¯ =
g2ir
2
Γtot/2
δ2 + (Γ2tot/4) + (g
2
ir/2)
' g
2
ir
Γtot
. (B8)
In the steady state the rate of photons absorbed by the
vibrational mode equals the phonon damping rate so that
the average number of excited phonons is :
n¯irb =
dn¯irb
dt
1
Γtot
=
g2ir
Γ2tot
=
g2ir,0
Γ2tot
n¯ir =
g2ir,0
Γ2tot
κirex
δ2 + (κir/2)
2 S˜
in
ir
δκir
=
4g2ir,0
Γ2tot
ηir
κir
|〈aˆinir〉|2. (B9)
We note that the average number of excited phonons n¯irb
can also be simply derived from the steady-state popula-
tion of the upper TLS state n¯irb = w¯ +
1
2 .
Appendix C: Simulation of molecular parameters
DFT calculations give the infrared absorption intensity
of fundamental vibrational transitions I irν [29, 47] via the
calculation of derivatives of electric moment components
µiν with respect to the normal coordinates representing
the vibrational mode of interest. They are usually ex-
pressed in [km·mol−1]. For a non-degenerate and har-
monic vibrational mode the absorption intensity aver-
aged over all orientations is given by :
〈I irν 〉 =
NA
12ε0c2
3∑
i=1
(
∂µiν
∂Qν
)2
, (C1)
with NA the Avogadro number.
91. Gaussian calculations
The procedure is well described in the context of Ra-
man calculations in the book of Le Ru & Etchegoin [48].
The Gaussian software gives access to the derivatives
of the electric dipole with respect to the i -th compo-
nent of the displacement in cartesian coordinates of the
n-th atom. These derivatives can then be converted to
derivatives with respect to the normal coordinates of a
vibrational mode ν and are given in atomic units, i.e. the
electric moment is given in Bohr-electron (2.54 Debye /
8.48·10−30 C·m) and the displacement in Bohr (0.529 A˚).
The quantities ∂~µν∂Qν can be converted to other systems of
units :
(
∂~µν
∂Qν
)2
[D2 · A˚−2 · amu−1] =
[
2.54
0.53
]2
·
(
∂~µν
∂Qν
)2
[atomic units], (C2)
and finally linked to the absorption intensity I irν of an
incoming field of polarization ~ei
I irν [km ·mol−1] = 126.8 ·
(
~ei · ∂~µν
∂Qν
)2
[D2 · A˚−2 · amu−1].
(C3)
2. Cross-section
This expression can be linked to the absorption
cross-section I irν = NA
∫
σν′,abs dν
′. If we assume a
Lorentzian profile for the transition considered, the on-
resonance value of the cross-section is
∫
σν′,abs dν
′ =
pi
2σabs (ν
′ = ν) δν = pi2σabs (ν
′ = ν) Γtot2pic .
Thus, the absorption cross-section can be inferred from
DFT calculations:
σν,abs [cm
2] =
4c
NAΓtot
I irν [km ·mol−1] · 107. (C4)
Using the DFT calculations from [49] and δν ' 2 cm−1,
we find σν,abs = 2.88 · 10−19 cm2 for one specific mode
of thiophenol (ν = 1093 cm−1). This is comparable to
the results of other studies [47].
3. Effective dipole moment
Accordingly we can also describe an effective dipole
moment dν to characterize the vibrational transition and
link it to the value of the absorption cross-section:
dν =
√
3~ε0cΓtotσν,abs
2ων
. (C5)
4. Raman activity of an ensemble of molecules
We refer the interested reader to the references [5, 48]
for detailed descriptions of the Raman activity, its con-
nection with the optomechanical coupling rate and its
calculation through DFT. For completeness we reproduce
here a few expressions of the tensorial quantity ∂αν∂Qν aver-
aged over randomly oriented molecules. To simplify the
notation we introduce in the following the Raman ten-
sor Rν =
∂αν
∂Qν
and we refer to the scalar (~ei ·Rν · ~ej) as
Rijν . The total Raman scattered power arises from the
contributions of the two possible outgoing polarizations.
Averaging over random orientations of the molecules one
can obtain
〈∣∣Riiν ∣∣2〉 =
√
45α¯ν2 + 4γ¯ν2
45
(C6)
〈∣∣Rjiν ∣∣2〉 =
√
3γ¯ν2
45
, (C7)
with α¯2ν =
1
9 [R
xx
ν +R
yy
ν +R
zz
ν ]
2
and γ¯2ν =
1
2
[
(Rxxν −Ryyν )2 + (Ryyν −Rzzν )2 + (Rzzν −Rxxν )2
]
+
3
[
(Rxyν )
2
+ (Rxzν )
2
+ (Ryzν )
2
]
. These quantities do not
depend on the two orthogonal orientations of the field
chosen as the polarisation basis but only on the intrinsic
properties of the molecule. In that situation Raman scat-
tering can be described by a scalar named the magnitude
of the Raman tensor R2 = 〈∣∣Riiν ∣∣2〉+〈∣∣Rjiν ∣∣2〉 = 45α¯2ν+7γ¯2ν45
and can be derived directly from DFT calculations.
We also introduce the depolarization ratio ρ =
〈∣∣Rjiν ∣∣2〉/〈∣∣Riiν ∣∣2〉 that evaluates the importance of the
cross-polarized component of the Raman-scattered field
(with respect to the incoming field) and that is bounded
by 0 ≤ ρ ≤ 3/4. In the SERS scenario the outgoing field
is solely polarized along the direction of the local cavity
field ~eL. For randomly oriented molecules the magnitude
of the Raman tensor is thus rescaled by a factor depend-
ing on the depolarization ratio:
〈∣∣RLLν ∣∣2〉 = R2 11 + ρ , (C8)
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Mode [cm−1] I irν (〈I irν 〉) [km ·mol−1] RLLν
(〈RLLν 〉) [A˚4 · amu−1] ηpol (〈ηpol〉) Coverage gir,0/κir
mode 1002 0.52 (0.51) 2.40 (0.96) 0.33 (0.14)
monolayer 0.01
volume 0.06
mode 1093 86.95 (28.52) 0.85 (0.31) 0.97 (0.18)
monolayer 0.17
volume 0.75
Table II. Molecular parameters of interest for our conversion scheme for two vibrational modes of the thiophenol molecule.
Calculations are obtained for a molecule oriented vertically with respect two both IR and VIS/NIR local fields (values averaged
over all molecular orientations are given in parenthesis for completeness). The resulting resonant coupling terms are calculated
for two different coverages of the nanostructure by the molecules and given in units of κir.
5. Local overlap - ηpol
The factor ηpol describes the local vectorial overlap
between the two fields involved in our conversion scheme,
on the one hand, and the IR dipole and Raman tensor of
the molecular vibration, on the other hand. It is defined
in the following way:
ηpol =
~eL · ∂~µν∂QνRLLν
‖~eL · ∂~µν∂QνRLLν ‖
(C9)
with the label L designating the direction of the
near-field at the location of the molecule. To compute
〈ηpol〉) (see Table II) we numerically average ηpol over
all possible orientations of the molecule, while keeping
the IR and optical local field colinear. This is justified
by considering that the near-field at a metallic surface is
orthogonal to it.
6. Orientation and number of molecules
contributing to the IR/optical process
From our DFT calculations we compute the molecular
parameters for several cases of interest and report their
values in Table II. Two orientations (main axis of the
molecule parallel to both local fields and fully random)
were considered. Two options were also considered
for the coverage: one monolayer covering the planar
parts of the metallic nanostructure, or a superposition
of layers filling the entire volume where the fields are
localized. We use the IR/optical mode volumes VIR/opt
(given below), the molar mass (M = 0.1102 kg/mol),
volume density (ρ = 1077 kg/m3) or surface density
(ρS = 6.8 · 1018 m−2) of thiophenol to estimate the
number Nir (Nopt) of molecules participating in the IR
(optical) process.
Appendix D: Numerical simulation of the antenna’s
optical response
Our dual antenna consists of two gold bowtie struc-
tures. We set the gap between the tips of both antennas
(S = 25 nm) so that the current design could be
developed using current nanofabrication techniques
such as focused ion beam milling or advanced e-beam
lithography. We select the other structural parameters
(Fig. 5) in order to obtain appropriate resonances both
in the mid-IR (length L and width W ) and in the
optical domain (short length l). The gold substrate at a
distance D below the dual antenna reflects the incoming
field and creates an interference pattern that improves
the absorption of the IR incoming field as shown in a
previous study [33].
1. Numerical calculations
We use a 3D FEM software (Comsol Multiphysics)
to evaluate our dual antenna design. A Drude-Lorentz
model describes the electromagnetic response of gold fit-
ted from experimental data [50]). For the calculation in
the optical range a dielectric layer (ITO) with refractive
index n = 1.94 and thickness 52 nm was added below the
antenna [51].
A dipolar emitter is placed in the center of our struc-
ture to evaluate the local density of electromagnetic
states inside the antenna. Figure 6 shows the modifi-
cation of the radiated power as a function of the oscil-
lation frequency of the dipole. Based on these plots, we
modeled the response of the structure to an incoming
optical field and to an incoming mid-IR field at (around
32 THz) as being dominated by the contribution from a
single resonance with Lorentzian profile. We thus used
a multi-Lorentzian fit to extract the relevant linewidths
and total decay rates. Through the Purcell formula [28],
we could estimate the corresponding effective mode vol-
umes. Additional integrals were computed to determine
the losses originating from absorption in the metal and
determine the ratio between intrinsic and radiative losses
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Figure 5. Geometry of the dual antenna considered in our manuscript. The following parameters t = 24 nm, W = 70 nm,
L = 2.25 µm, l = 90 nm, S = 25 nm, D = 8 µm are used to run the numerical simulations and evaluate the performance of
our conversion scheme. The antenna edges were rounded with 4 and 1.3 nm radii of curvature for the optical and IR antenna,
respectively.
(a) (b)
Figure 6. Normalized decay rate of an emitter placed at the center of the dual antenna in the mid-IR (a) and in the visible
range (b).
at the resonance frequencies. All parameters are shown
in Table III.
Parameter mid-IR VIS/NIR
κ/2pi [THz] 3.2 26.7
η 0.52 0.73
V [m−3] 2.6 · 10−21 1.0 · 10−21
Table III. Antenna parameters as obtained from our FEM
simulations
Appendix E: Linear array of converters
We discuss the different contributions to the optical
noise starting from the expression for n¯f , eq. (5) in the
main text. When Γopt  Γ∗ν the equation for the vibra-
tional population splits into three different factors iden-
tified as thermal n¯th, dynamical back-action n¯dba and
quantum back-action noises n¯qba, respectively:
n¯f ' n¯th − Γopt
Γ∗ν
n¯th +
A+
Γ∗ν
(
1− Γopt
Γ∗ν
)
. (E1)
For sensing applications it is enlightening to study how
the contributions from the different noise terms are af-
fected when considering an array of converters coherently
illuminated by the IR field and the pump laser. We
describe a linear array of N optomechanical converters.
For simplicity we consider identical converters separated
uniformly with a spacing d < λopt < λir in order to
avoid multiple maxima in the radiation pattern of the ar-
ray. If all converters are excited in phase, the described
configuration is known as broadside configuration and
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the maximum radiation is directed normal to the array
axis. We assume that the optical pump power is split
among the antennas1, so that the pump power per an-
tenna is diluted according to |α(i)|2 = 1N |α(0)|2 so that
the different cavity-assisted molecular rates scale as 1N ,
i.e. A+/− (i) = 1NA
+/− (0).
If the back-action effects are weak at a single converter
level Γ
(0)
opt < Γ
∗,(0)
ν , the power dilution leads to Γ
(i)
opt 
Γ
∗,(i)
ν . The expression of the final population n¯f (eq.
E1) shows that in this case thermal noise is the main
contribution to the total noise.
In the far-field, constructive interference among the
fields emitted from individual antennas sharpens the pat-
tern of coherent radiation [40] so that the total IR con-
verted signal in this direction scales as [52] S
out,(N)
ir =
(array factor)
2 · Sout,(i)ir which results in Sout,(N)ir '
N2S
out,(i)
ir along the direction of maximum radiation for
a broadside array. On the contrary if the converters
are sufficiently spaced to avoid any near field coupling
the thermal emission would remain incoherent and quasi-
isotropic.
We combine the factors related to the power dilution
and to the directivity of the linear array to describe the
SNR of the array in the regime dominated by thermal
noise:
SNR(N) ' N2 · S
out,(i)
ir
S
out,(i)
th
= N2 · 1
N
· S
out,(0)
ir
S
out,(0)
th
. (E2)
Our argument highlights the interest of this nanoscale
converter to elaborate advanced architectures targeting
specific applications.
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